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FOREWORD 

This  survey  has  been  prepared  .for  the  Office  of  Naval  Research  in 
an  effort  to  clarify  the  present  state  of  kit  -/ledge  regarding  the  aero¬ 
dynamics  of  ducted  propellers.  It  is  hoped  the-  -1-1.  will  stable 

the  reader  to  acquaint  himself  with  the  basic  problems  involved,  the  work 
that  has  been  done  up  to  the  present  time,  its  relative  significance,  and 
the  areas  in  which  further  research  appears  to  be  needed. 

A  large  number  of  individuals,  companies,  universities  and  government 
agencies  (United  States  and  foreign)  have  contributed  to  the  survey.  The 
authors  wish  to  acknowledge  the  assistance  and  cooperation  of  those  who 
were  visited  and  of  those  who  were  helpful  in  providing  reference  material. 

As  many  references  as  available,  free  from  security  and  other  restrict¬ 
ions,  have  been  included  in  this  report.  In  some  cases  .references  were 
provided  the  contractor  without  the  assurance  that  additional  copies  could 
be  made  available  for  further  distribution.  Information  on  the  source 
of  each  document  is  given  to  the  extent  known.  Most  of  the  German 
publications  can  be  obtained  from  Aerodynamische  7ersuchsa<.;stalt  Gottingen 
(AVA),  if  they  are  not  available. in  the  United  States. 


2.  INTRODUCTION 


The  first  serious  experimental  work  on  ducted  propellers  was  evidently 
published  in  Italy  in  1931  by  Luigi  Stipa  (Ref,  97)  who  conducted  systematic 
wind  tunnel  tests  which  clearly  indicated  the  benefits  to  be  gained  by  duct¬ 
ing  or  shrouding  the  propeller  for  static  operation  and  low  speed  flight. 
Stipa ' s  experiments,  in  which  the  propeller  was  placed  essentially  at  the 
leading  edge  of  a  long  hollow  fuselage,  were  based  on  theoretical  reasoning 
by  Stipa,  dating  back  to  aboul  1927  (see  Ref.  96),  iii  which  he  likened  the 
ducted  propeller  to  an  extended  nozzle  discharging  from  a  plenum  chamber. 

The  results  of  Stipa' s  experiments  were  so  promising  that  the  Italian 
Government  actually  built  an  experimental  airplane  whose  hollow  fuselage 
comprised  the  ducted  propeller.  The  control  surfaces  extended  into  the 
olipstream,  and  the  airplane  exhibited  increased  maneuverability  and 
reduced  landing  speed  (Ref.  99). 

For  some  reason,  however,  in  reports  eminating  from  Europe,  credit 
I) r  the  invention  of  the  ducted  propeller  has  generally  been  given  to  Kort 
(Ref.  39)  whose  paper  was  published  in  193u  in  Germany.  In  fact,  the  ducted 
propeller  is  frequently  referred  to  as  the  "Kort  nozzle'1.  On  the  other  hand, 
a  Russian  paper  by  Soloviev  and  Ghurmaok  (Ref..  9li),  published  in  19U8,  con¬ 
tains  a  rather  lengthy  discussion  which  refers  to  a  Russian  paper  by  F.  A. 
Bricks  dated  1887  and  therefore  states s 

"These  facts  should  prove  that  the  Russian  technological 
concept  has  priority  over  others  and  that  the  idea  of  adapting 
guide  nozzles  in  hydraulic  and  aeronautical  propellers  should 
be  credited  to  Russian  scientists," 
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However,  the  ela.'-H  cal  experiments  of  Kruger  (Ref.  id)  were  evidently 
carried  out  in  Germany  somewhat  earlier  than  the  comprehensive  Russian 
exp  d mental  work  relumed  to  in  Reference  9'u.  The  analytical  work  of 
P  .  re nee  9b  also  shows  a  strong  similarity  to  the  work  of  Xuchemann  and 
-  (Ref.  uC),  whose  analysis  was  the  basis  for  Kruger's  experiments. 
Since  these  early  experiments  in  the  '30' s,  interest  in  the  ducted 
pro;  •"■Her  has  become  more  widespread,  particularly  now  that  hovering 
flight  and  vertical  take-off  have  become  entirely  feasible.  Consequently, 
research  has  since  been  carried  out  on  this  subject  in  a  number  of  other 
countries  including  the  Netherlands  (Refs.  105,  106),  France  (Ref.  56), 
England  (Refs,  5,  ?°\  ‘vriralia  (Refs.  75-78.  90,  dr  ddn 

of  :;ouU»  Afr.io-v  'v . ,  Ht>  well  an  the  United  States.  Very 

often, 'however,  eaen  invest.*  gat*  <?n,  particularly  in  the  United  States, 
pnpppsep t,n  nn  j,;yl<ipender.t/  auampi,  y>  <)««)  with  turn  particular  asp*') t,  gf 

the  problem,  ana  a  coordinated  research  program  has  evidently  been  lack¬ 
ing.  As  a  result,  it  is  difficult  to  find  in  the  literature  consistent 
and  meaningful  results  which  are  directly  applicable  to  the  general  ducted 
propeller  problem.  In  order  to  alleviate  this  situation,  the  Office  of 
Naval  Research  awarded  a  contract  (Nonr  2677(00))  to  the  Advanced  Rs search 
Id vision  of  Hiller  Aircraft  Corporation  for  the  purpose  of  carrying  out 
a  critical  survey  of  all  available  information  on  ducted  propellers. 

O  h  \ mw llu*  i.1' 

c_  r  j-  i.  uac-ii  ou  uuc  oiincv 

The  aim  of  this  survey  is  to  produce  a  clear  picture  of  the  state  of 
the  ;  t  and  to  indicate  possible  areas  of  future  research.  In  order  to  do 


.his,  the  following  approach  was  taken: 


1.  All  pei  -inent  material  fc-r  which  our  own  library  already  had 
reference  information  was  acquired,  all  reports  listed  as  references 
therein  were  obtained,  and  so  on.  The  services  of  ASTIA  were  also 
.enlisted, 

2.  Letters  of  inquiry  were  sent  out  to  all  known  authors  and  investi= 
gators  in  the  field  of  ducted  propellers  both  in  this  country  and 
abroad.  The  companies,  agencies  and  institutions  which  were  con¬ 
tacted  are  listed  in  Appendix  A, 

3.  All  references  in  the  material  thus  acquired  were  checked  out, 
lu  All  ducted  propeller  material  was  read  and  reviewed  by  at  least 

one  research  aerodynamicist. 

The  results  of  this  literature  study  were  analysed  and  personal 
visits  were  then  made  where  appropriate.  In  some  cases,  tele¬ 
phone  conversations  and  further  correspondence  were  carried  on. 
Visits  were  made  to  the  following  companies,  agencies  and 
institutions: 

Davie.  Taylor  Model  Basin,  Washington,  B.  C.  * 

Doak  Aircraft  Company,  Torrance,  California 
Eastern  Research  C:roup,  New  York,  New  ’fork 

Grumman  Aircraft  Engineering  Corporation,  Long  Island,  New  fork 
Massachusetts  Institute  of  Technology,  Cambridge,  Massachusetts 
NASA  Langley,  Langley  Field,  Hampton,  Virginia 
ONR,  Air  Branch,  Washington,  C.  C, 

Princeton  University,  Princeton,  New  Jersey 

/ 
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United  Aircraft  Corporation,  Hamilton  Standard  Division,  Windsor 
Locks,  Connecticut 

United  Aircraft  Corporation,  Research  Department,  East  Hartford, 
Connecticut 

Vertol  Aircraft  Corporation,  Morton,  Pennsylvania 

6.  On  the  basis  of  all  of  the  information  assimilated,  the  present 
report  was  prepared „ 

2  •  &  jjunbgci  ,£  gin  ij^pGSlUaii 

During  the  progress  of  the  survey  reported  herein,  a  symposium  was 
held  at  the  Massachusetts  Institute  of  Technology  for  the  purpose  of  pro¬ 
moting  an  exchange  of  information  among  the  various  investigator.-  in  the 
field  of  ducted  propellers.  A  list  of  the  organizations  in  attendance  and 
the  papers  made  available  through  that  symposium  are  presented  in  Appendix  B. 
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3*  GENERAL  CONSIDERATIONS 

3«1  Definition  and  Scope  of  Problem 
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In  the  present  paper,  the  terms  ducted  fan  and  ducted  (or  shrouded) 

propeller  are  considered  to  be  synonymous.  In  either  case,  we  shall 

mean  a  propeller  or  fan  which  is  circumscribed  by  a  thin  ring  whose  sole 

aerodynamic  purpose  is  to  increase  the  thrust  produced  by  the  entire  unit. 

If  the  ring  ceases  to  be  thin  in  the  axial  direction,  that  is  if  the  lateral 

extent  of  the  ring  approaches  or  exceeds  its  axial  length,  then  the  unit 

* 

shall  be  considered  as  a  fan- in-wing  arrangement  and  will  be  treated  sep¬ 
arately.  It  seems  clear  that  the  fan-in-wing  represents  a  different  prob¬ 
lem,  since  the  circulation  flow  round  the  "duct"  is  restricted  and  modified 
by  its  lateral  extent,  particularly  during  static  operation. 

S  The  ducted  propeller  is  also  distinguished  from  the  compressor  by 
virtue  of  its  intended  purpose;  namely,  that  of  producing  thrust.  The 
purpose  of  the  compressor,  on  the  other  hand,  is  simply  to  produce  an  in¬ 
crease  in  pressure  across  the  propeller  disk.  That  these  purposes  are 
not  necessarily  compatible  can  perhaps  best  be  demonstrated  by  considering 
the  "efficiency"  of  a  compressor  and  comparing  it  with  that  of  a  ducted 
propeller.  This  will  be  done  in  the  following  section. 


3 . 2  Static  Efficiency 

The  efficiency  of  a  compressor  in  the  static  condition  is  defined  in 

terms  of  the  pressure  rise  An  and  the  volumetric  flow  A  v,  where  A  is  the 

P  P 

fan  disk  area  and  v  is  the  average  velocity  through  the  disk.  Thus 
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(i) 


where  P  is  the  power  input.  Since  the  numerator  represents  the  energy 
added  to  the  flow  through  the  compressor,  this  expression  can  be  written 
in  the  form 


slipstream  kinetic  energy 
"Tg  power  input 


(2'i 


Now  equation  (2)  can  easi3.y  be  applied  to  the  open  (unshrouded)  propeller 
in  the  static  condition,  for  which  the  slipstream  velocity  is  .just  twice 
the  velocity  through  the  disk  (Ref,  21),  Thus,  since  the  thrust  T  is 
equal  to  the  rate  of  change  of  momentum, 


T  =  o  A  v  C  2v ) 
n 


(3) 


where  A  is  now  propeller  disk  area.  The  static  efficiency  m  would  ther-e- 
P  ‘  B 

fore  be,  from  equations  (2)  and  (3), 


\  PAv(2y)2 

^  - - Tr—  w  “  "p  V-tT 


p  r  \ 


Since  this  expression  is  identical  with  the  usual  "figure  of  merit"  M  used 
in  helicopter  performance,  it  is  clear'  that,  in  the  case  of  the  open  pro¬ 
peller,  compressor  efficiency  is  synonymous  with  hovering  (thrust  producing) 
efficiency. 

Now  let  us  consider  trie  ducted  propeller  ir.  the  same  manner.  Here 
the  final  slipstream  velocity  is  no  longer  equal  to  twice  the  velocity 
through  the  disk,  sc  we  have,  in  terms  of  the  final  wake  area,  A^,, 


T "  p  A  v/ 


(5) 


?  f  A  %  t  >"  r  *■»  !K ! 

>1  rk«  CiiiChUSo 


and 
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T  v. 


/T/Af 


T 

2P  * 


Is  P  '  2P 

Since  the  area  of  the  final  wake  of  a  ducted  propeller 
and  is  not  easily  measured),  it  is  useful  to  express  A^ 


(6) 

is  not  known  a  priori* 
in  terms  of  the 


division  of  thrust 


T  /l  where  T 
P  P 


is  the  portion  of  thrust  carried  on  the 


propeller.  By  application  of  Bernoulli’s  equation  ahead  of  and  behind  the 
propeller  disk,  it  can  easily  be  shown  that  (if  the  duct  losses  are  small 
compared  with  the  disk  loading)  the  pressure  jump  Ap  across  the  propeller 
disk  is  equal  to  the  dynamic  pressure  of  the  final  wake.  Thus,  the  pro¬ 
peller  thrust  is  simply 


T 

r\ 


*  Ap  „  A 

r  T> 


A 

P 


Therefore,  from  equations  (5)  and  (7), 


7  1 


E 

f 


(7) 


so  that  equation  (6)  can  finally  be  written  as 


Thus*  for  a  ducted  propeller  in  the  static  condition,  the  compressor 
efficiency  involves  not  only  the  figure  of  merit  (ducted  m-opeller  efficiency) 
but  also  the  division  of  thrust.  From  equation  (9),  it  can  be  seen  that, 
given  an  ideal  compressor  efficiency  of  1,0,  the  attainment  of  a  high  static 
figure  of  merit  ( i » e ,  *  a  high  thrust  per  horsepower  at  a  given  disk  loading) 
requires  further  that  the  shroud  carry  as  high  a  fraction  of  the  total  thrust 
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as  possible.  In  other  words,  for  the  ideal  case  of  100$  compressor 
efficiency  (pg  «  1.0)  we  have 


It  must  be  pointed  out  that  one  could  dcfiije  the  figure  of  merit  in 
such  a  way  as  to  make  it  identical  with  the  compressor  efficiency.  This 
would  simply  amount  to  taking  the  expression  of  equation  (6)  as  the 
definition  of  figure  of  merit.  That  is, 


The.  difficulty  with  such  a  definition  for  the  ducted  propeller,  however, 
stems  from  the  fact  that  the  final  wake  area  Ar  is  net  known.  Therefore, 

in  the  present  report,  the  figure  of  merit  will  be  based  on  propeller  disk 
area,  so  that  from  equation  (?), 


Since  a  rather  wide  range  of  T  /T  for  ducted  propellers  has  been  observed 

exper'  (see  e.g.  Ref,  III),  it  is  therefore  concluded  that  a  good 

compress, •  •  design  (rr-*1.0)  docs  not  necessarily  produce  a  ducted  pro¬ 
peller  having  a  high  figure  of  merit. 

It  might  be  noted  hers  that,  according  to  equation  (10),  the  ideal 
f ir’iire  of  merit  M.  is  ecu.nl  to  unity  only  if  T  -  T  ,  which  corresponds  to 

the  open  propeller.  As  soon  as  the  shroud  carries  any  thrust  at  all,  the 


tfciilduHw 
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ideal  value  of  M  exceed?  unity  and  is  limited  only  by  the  portion  of  thrus 

that  can  be  carried  on  the  shroud.  The  fact  that  M.  is  greater  than  unity 

1 

for  the  ducted  propeller  need  not  be  a  matter  for  concern;  however,  since 
it  is  not  a  true  efficiency  (as  is  rg )  but  rather  is  simply  a  measure  of 

the  total  thrust  produced  per  horsepower  at  a  given  disk  loading. 

For  the  reasons  discussed  above,  the  present  survey  report  will  be 
concerned  primarily  with  the  ducted  propeller  (or  ducted  fan)  itself  as 
an  entity  and  will  not  attempt  to  deal  with  the  mass  of  theoretical  and 
experimental  data  pertaining  to  open  propellers,  ring  wings,  and  compressc: 
all  of  which  are  considered  to  he  outside  the  scope  of  thi3  report. 


3*3  Presentation  of  Results 


The  papers  analyzed  for  this  report  can  be  divided  essentially  into 
experimental  and  theoretical  investigations «  Since  the  experimental  work 
lends  itself  to  a  tabulation  of  variables  investigated  and  measurements 
taken,  such  tables  have  been  prepared  (see  Tables  I,  II  and  III)  with 
appropriate  remarks „  The  tables  and  the  papers  appearing  in  the  tables 
will  be  discussed  at  some  length  in  section  iu2,  page  26.  On  the  other 
hand,  the  details  of  the  theoretical  work  have  differed  wo  much  from  one 
paper  to  the  next  that  similar  tables  were  not  feasible.  Instead,  in 
section  h*l}  J  ' ge  13,  the  main  theoretical  methods  are  outlined  and  dis¬ 
cussed,  and  the  approaches  taken  by  the  various  authors  are  considered. 

Finally,  the  list  of  references  contains  the  material  reviewed  which 
was  considered  to  lie  within  the  scope  of  the  present  study,  as  described 
previously,, 
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h  o  SURVEY  OF  PUBLISHED  DUCTED  PROPELLER  WORK 

The  addition  of  the  ring  or  shroud  to  the  propeller  has  produced  not 
only  a  new  problem,  but  a  vastly  more  difficult  one  than  the  open  propeller. 
The  primary  reason  for  this  is  that  the  mutual  influence  between  propeller 
and  shroud  is  such  that  the  aerodynamic  behavior  of  the  ducted  propeller  is 
quite  different  from  that  of  either  the  open  propeller  or  the  ring  wing,,  In 
addition,  the  number  of  variables  is  actually  so  large  as  to  make  a  compre¬ 
hensive  study  (either  experimental  or  theoretical)  extremely  difficult.  The 
geometric  variables  of  the  problem  can  conveniently  be  divided  into  duct 
variables,  propeller  variables,  and  overall  or  combined  variables.  Thus,  a 
preliminary  list  might  be 
A.  Duct  variables 

1.  chord/diameter  ratio 

2.  profile  thickness/chord  ratio 

3a  profile  camber 

h,  leading  edge  radius 

5.  chord  line  orientation  relative  to  axis 

6.  profile  trailing  edge  angle 

7a  position  of  maximum  thickness 

3a  Propeller  variables 

1.  solidity 

?.  overall  pitcn  setting 

3.  pitch  distribution  (twist) 

ho  blade  profile  (thickness,  camber,  etc.) 

5a  chord  distribution  (taper) 


.1 


C.  Overall  variables 

1,  propeller  location  within  shroud 

2,  ratio  of  hub  diameter  to  propeller  diameter 

3,  clearance  between  blade  tips  and  duct  surface 

iu  centerbody  shape  (nose  shape,  tail  shape,  location  of 
maximum  thickness,  etCo ) 

5>.  centerbody  location  relative  to  shroud 
In  addition  to  these  purely  geometric  variables,  there  are  of  course 
the  aerodynamic  variables  of  angle  of  attack,  advance  ratio,  Reynolds  number, 
and  Mach  number.  Thus,  the  enormity  of  the  problem  becomes  apparent  and 
would  seem  to  indicate  that  the  probability  of  arriving  at  an  optimum  ducted 
propeller  design  by  experiment  is  essentially  nil.  The  development  of  a 
highly  efficient  ducted  propeller  will  therefore  evidently  require  a  sound 
theoretical  development  supported  by  carefully  selected  systematic  experi¬ 
ments,  The  pitfalls  of  investigating  the  effect  of  a  single  variable  with 
the  other  variables  arbitrarily  fixed  should  be  apparent  from  the  above 
discussion.  This  point  will  be  disoussea  further  in  the  section  on  experi¬ 
mental  programs. 

The  survey  of  the  published  ducted  propeller  work  is  divided  into  five 
main  categories  in  this  report.  The  first  two  deal  respectively  with  theo¬ 
retical  and  experimental  research  pertaining  to  the  ducted  propeller  problem 
itself.  Thus,  mostly  single  ducted  propeller  arrangements  are  considered  in 
these  sections,  with  emphasis  on  systematic  approaches  aimed  at  evaluating 
the  aerodynamic  effects  of  the  variables  listed  above.  The  third  section  is 
concerned  with  comparisons  of  theory  with  experiment,  and  the  fourth  deals 
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with  auxiliary  devices,  such  as  extensible  slats,  retractable  flaps,  vanes, 
and  boundary  layer  centre!  devices,  which  are  aimed  at  improving  ducted 
propeller  performance  and  control.  The  final  section  is  concerned  with  other 
problems  relating  to  the  ducted  propeller,  such  as  stability  characteristics 
and  the  effects  of  interfering  bodies,  such  as  additional  ducts  (as  in  aerial 
jeep  configurations),  wing  surfaces  (fan-in-wing  arrangments) ,  ground  effects. 


and  the  like, 
lul  Theory 

The  general  theoretical  problem  of  the  ducted  propeller  can  be  stated 
as  follows:  Given  a  ring  airfoil  cf  specified  camber  line  and  thickness 
distribution,  inside  of  which  exists  a  pressure  discontinuity  (normal  to 
the  axis  of  symmetry)  representing  +he  propeller  disk,  determine  the  flow 
field  produced  in  the  presence  of  a  uniform  free  stream  of  arbitrary  direc¬ 
tion  and  magnitude.1  From  the  details  of  the  flow  field,  one  could  of  course, 
by  integrating  pressures  over  the  various  surfaces,  determine  the  aerodynamic 
forces  and  moments  as  well  as  overall  efficiency.  The  Kutta  condition  of 
finite  fluid  velocity  is  to  be  satisfied  at  the  duct  trailing  edge,  and  the 
static  pressure  in  the  slipstream  must  finally  return  to  the  free-stream 


value  at  infinity. 

The  problem  stated  above  can  be  conveniently  divided  into  three  flight 
conditions,  each  more  or  less  representing  a  range  of  flight  speeds  for  VTOL 


‘‘"Because  of  the  inherent  high  drag  of  the  shroud  at  high  speeds,  practical 
interest  in  the  duntfrl  propeller  lias  been  generally  restricted  to  the  low  or 
middle  subsonic  speed  range  (e.g.-  Refs.  72,  73) o 


aircraft.  These  are:  static  operation  (hovering  flight),  axial  flow  (high¬ 
speed  forward  flight  or  vertical  climb),  and  non- axial  flow  (transitional 
flight).  There  are  certain  features  which  distinguish  these  regimes  insofar 
as  the  mathematical  treatment  is  concerned.  In  the  static  condition,  for 
example,  all  the  fluid  from  infinity  in  all  directions  must  pass  through 

\))%  pFepsiisp  aiifc,  §0  is  Ha  BMBibr  §iotiMr§  which  §jppftto* 

"internal"  and  "external"  flow.  The  non-axial  flow  regime,  on  the  other 
hand,  is  distinguished  by  the  fact  that  the  shape  of  the  wake  centerline 
is  unknown,  as  well  as  the  shape  of  the  wake  itself.  The  axial  flow  regime 
presents  perhaps  the  most  straightforward,  mathematical  problem,  and  has 
received  the  largest  share  of  attention  from  theoretical  workers. 

Since  most  of  the  theoretical  work  which  has  been  dona" on  ducted 
propellers  and  is  available  in  the  literature  is  concerned  with  axial  flow, 
it  is  perhaps  best  to  divide  this  work  according  to  methcd  of  analysis,,  The 
three  general  categories  of  analyses  chosen  are:  (l)  those  alloying  the 
classical  method  of  singularities,  (2)  those  employing  strictly  momentum 
considerations,  and  (3)  those  employing  combinations  of  these  or  other 
techniques. 

ii.1.1  Method  of  Singularities 


Tho  matriSiiiaticax  expressions  for 
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infinite,  ideal,  incompressible  fluid  due  to  a  potential  vortex  ring  have 
been  known  for  many  years  (see  e.g.,  Ref.  ii7).  Furthe  'more,  the  superposition 
of  any  number  of  such  singularities  to  produce  an  arbitrary  distribution  of 
circulation  strength  (as  along  the  chord  of  a  duct)  is  a  classical  technique 
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employed  in  the  solution  nf  problems  in  hydrodynamics  (see  e.g.,  Ref.  Ii5). 
With  these  implements  at  hand,  the  mathematical  problem  of  the  ducted  pro¬ 
peller  (of  zero  shroud  thickness)  can  be  stated  in  one  of  two  ways,  as 
follows:  calculate  the  shroud  camber  line  associated  with  a  given  chord- 
wise  vorticity  distribution  (or  vice  versa).  For  axial  flow,  or  for  the 
static  condition,  the  procedure  is  briefly  as  follows: 

1)  Place  the  specified  distribution  of  vortex  rings  along  a  semi¬ 
infinite  circular  cylinder  representing  the  ducted  propeller  and 
its  wake,  with  the  axis  of  symmetry  in  the  free-stream  direction. 
The  vortex  strength  unit  length  is  constant  behind  the  shroud 

trailing  edge  and  the  Kuttu  condition  is  to  be  satisfied  at,  the 
trailing  edge,.  Calculate  the  axial  and  radial  components  of  in¬ 
duced  velocities  caused  by  this  distribution  of  vortex  rings, 
using  the  integral  expressions  given  in  Reference  b5>.  These 
expressions  involve  elliptic  integrals  of  both  the  first  and 
second  kinds  and  are  rather  cumbersome. 

?)  Impose  the  boundary  condition  that  the  normal  velocity  at  the 

shroud  surface  must  vanish  everywhere,  so  that  the  resultant 

velocity  is  parallel  to  the  surface.  Thus, 

dR  w  'r 
dx  V  +  v 
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wner°  v^  and  vv  are  the  radial  and  axial  components  of  the  induced 
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velocity  associated  with  no  giver,  vortex  distribution.  They  are 
obtained  from  the  integrals  sritten  in  (1)  above.  The  resulting 


function  ii(x)  defines  the  du:-.  camber  line  to  a  fir st  approximation 


3)  An  iteration  can  be  performed  by  displacing  the  distribution  of 
vortex  rings  from  the  original  assumed  circular  cylinder  onto  the 
calculated  camber  line  and  its  wake  and  repeating  steps  (l)  and 
(2)o  This  process  is  extremely  cumbersome  and  is  ordinarily 
omitted. 

It  should  be  pointed  out  that  the  problem  outlined  above  is  the 
determination  of  the  flow  field,  and  consequently  the  performance,  of  a 
ducted  propeller  of  specified  chordwise  vorticity  distribution.  In  a 
similar  fashion,  one  could  determine  the  vorticity  distribution  associated 
with  a  specified  shroud  shape.  The  effects  of  duct  profile  thickness  and 
of  centerbodies  could  also  be  included  by  the  use  of  additional  distributed 
singularities.  However,  perhaps  the  problem  of  greatest  practical  interest 
is  the  determination  of  an  optimum  design  for  best  performance.  The 
assumption  of  either  the  shroud  vorticity  distribution  or  the  shroud  shape, 
which  is  required  for  the  procedure  outlined  above,  precludes  the  determina¬ 
tion  of  a  truly  optimum  design.  It  appears,  therefore,  that  some  further 
mathematical  condition  or  relationship  is  required  before  an  optimum  vor¬ 
ticity  distribution  and  the  associated  shroud  shape  can  be  determined.  If 
this  could  be  done,  however,  the  velocity  distribution  at  the  propellei  disk 
could  then  be  calculated  for  any  location  of  the  propeller.  The  appropriate 
propeller  blades  could  then  be  designed  by  existing  methods. 

If  the  chord/diameter  ratio  of  the  shroud  is  sufficiently  small  then 
the  asymptotic  expansion  of  the  elliptic  integrals  in  the  velocity  components 
v^  and  simplifies  the  equation  of  step  (2)  immensely.  Then  if  each 
section  of  the  shroud  is  treated  as  a  two-dimensional  thin  airfoil,  fairly 


simple  analytical  solutions  can  be  obtained  by  means  of  conformal  mapping. 
This  mathematical  device  was  employed  by  Burggraf  (Ref.  2)  and  enabled  him 
to  predict  mathematically  the  entire  pressure  distribution  and  consequently 
the  forces  and  moments  acting  on  the  shroud  in  various  flight  conditions. 

The  case  of  non-axial  flow  was  included,  under  the  assumption  that  the  wake 
forms  a  cylindrical  extension  of  the  shroud  in  the  direction  of  the  duct 
axis.  This  assumption,  of  course,  limits  the  analysis  to  forward  speeds 
which  are  small  compared  with  wake  velocity,  but  the  analysis  of  Reference 
2  represents. the  only  attempt  at  an  application  of  the  method  of  singulari¬ 
ties  to  a  ducted  propeller  in  non-axial  flow. 

More  approximate  solutions  can  be  obtained,  without  the  assumption  of 
a  small  chord/diameter  ratio,  by  assuming  the  mathematical  form  of  the  shroud 
vorticity  distribution  (with  unspecified  coefficients  for  each  term)  and  sat¬ 
isfying  the  boundary  condition  at  a  number  of  points  on  the  shroud  equal  to 
the  number  of  unknown  coefficients.  This  approach  was  taken  by  Helmbcld 
(Ref.  29),  who  employed  a  vorticity  distribution  -with  a  leading-edge  singu¬ 
larity  and  calculated  the  performance  of  a  family  of  shrouds  having  assumed 


parabolic  camber  lines. 
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Id  considered  the  effect 


of  compressibility  on  these  calculations  by  applying  the  Prandtl-Glaucrt 
correction  to  the  wake  (see  Ref.  30).)  On  obe  other  hand,  Dickmann  and 
We is singer  (Ref,  15),  who  employed  an  elliptic  vorticity  distribution, 
assumed  the  entire  vorticity  distribution  (except  for  one  parameter  cor¬ 
responding  to  the  pressure  jump  across  the  propeller  disk)  and  calculated 
the  required  shroud  camber  lines  for  various  loadings  by  integrating  the 
slopes  given  by  the  boundary  condition  on  the  shroud  surface.  An  elliptic 


vorticity  distribution  was  also  assumed  by  Lerbs  (Ref.  b8),  who  carried  out 
a  similar  comprehensive  analysis  but  did  not  present  explicit  results  in  the 
form  of  shroud  shapes-  Both  of  these  reports  (Refs.  15  and  U8)  represent 
comprehensive  treatises  of  the  shrouded  propeller  problem  but  suffer  from  the 
limitation  of  an  assumed  elliptic  vorticity  distribution.  Consequently,  the 
explicit  shroud  shapes  calculated  represent  a  rather  special  class  of  shapes. 
In  the  same  sense,  the  shapes  treated  by  Burggraf  and  Helmbold  represent 
other  special  classes  (flat  and  parabolic,  respectively)  of  shroud  profiles. 
Burgpraf's  analysis,  however,  is  the  only  one  in  which  the  mathematical  form 
of  the  vorticity  distribution  was  not  assumed.  On  the  other  hand,  Pivko 
(Ref.  8i)  who  assumed  a  small  chord/d.l xmeter  ratio,  makes  the  addtional 
assumption  that  the  pertubation  velocities  are  small  compared  to  the  flight 
velocity.  Such  calculations  are,  of  course,  invalid  for  low  flight  speeds 
and  particularly  for  the  static  condition.  The  theoretical  basis  upon  which 
all  of  the  above  works  rest  is  developed  and  discussed  in  Reference  u5,  which 
also  considers  the  increase  i  n  luaSS  ixGW  through  the  propeller  caused  by  the 
duct  and  points  out  1  reasons  that  ducted  propellers  show  considerably 
more  promise  for  static  arid  low-speed  operation  than  for  high  speeds.  The 
mathematics  of  the  general  due  tea  propeller  problem  were  also  set  out  and 
further  developed  by  Dickmann  in  Reference  16, 

Li .  1 . 2  Momentum  Methods 


Ths  application  of  Newton's  second  law  to  the  ducted  propeller  problem 
quickly  yields  relationships  between  thrust  and  power  which  are  of  considerable 
interest  and  value.  Thus,  the  total  thrust  of  a  ducted  propeller  in  axial  flow 
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can  be  expressed  as  the  product  of  the  mass  flow  per  unit  time  through  the 
duct  and  the  change  in’  velocity  from  infinity  ahead  to  infinity  behind  the 
duct.  That  is, 

T  =  p  Af  vf  (vf-  VQ)  (12) 

where  the  subscript  o  refers  to  infinity  upstream!  and  f  to  infinity  down¬ 
stream  (inside  the  slipstream).  A„  is  thus  the  area  of  the  final  wake. 

(A  list  of  symbols  can  be  found  in  Appendix  C.) 

It  can  easily  be  shown  (Ref,  21)  that,  for  minimum  power  expended,  the 
final  wake  velocity  v  ,  must  be  constant.  This  does  not,  however,  imply-  any¬ 
th' ng  about  the  velocity  distribution  within  the  shroud  (or  at  the  shroud 
trailing  edge),  which  must  cvepend  on  the  details  of  the  configuration.  In 
a  similar  manner,  the  power  required  in  axial  flow  (in  the  absence  of  duct 
losses,  blade  profile  dray,  etc.)  can  be  expressed  as  the  change  of  kinetic 
energy  per  unit  time.  Thus, 

K  ■  |  P  Af  vr  (v/  -  V02)  (13  j 

From  equations  (1?)  and  (13),  then,  one  can  express  the  ideal  value  of 

T  V 

either  propulsive  efficiency  -p —  or  static  efficiency  (figure  of  merit) 
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ideal  propulsive  efficiency  is  simply 


1  +  v./V 
f  o 


Furthermore,  the  propeller  thrust  T  can  be  expressed  simply  as  the  product 

of  propeller  disk  area  A  by  the  pressure  jump  Ap  across  it.  Application  of 

P. 
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Bernoulli's  equation  ahead  of  and  behind  the  disk  shows  this  pressure  jump 
to  be  equal  to  the  difference  between  the  initial  and  final  dynamic  pres¬ 
sure  ,  so  that 

Tp  •  \  ■  I  0  <Tf2  -  To2>  (15j 

and  the  above  efficiencies  can  then  be  expressed  in  terms  of  the  division 
of  thrust  between  propeller  and  shroud.  Thus,  in  the  static  condition 
(Vq =  0)  the  ideal  figure  of  merit  It  can  be  written  as 


which  states  that  the  ideal  figure  of  merit  increases  as  more  of  the.  thrust 
load  is  shifted  onto  the  shroud.  Similarly,  the  propulsive  efficiency  T)^ 
can  be  conveniently  expressed  in  terms  of  the  propeller  thrust  coefficient 
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This  fact  was 


so  that  the  propulsive  eff  iciri.cy  becomes  a  function  of  6. 
used  in  Reference  It 6  in  which  the  incremental  velocity  5  due  to  the  shroud 
was  actually  determined  by  measuring  the  advance  ratio  for  zero  thrust 
both  with  and  without  the  shroud . 

It  is  worth  noting  that  none  of  the  above  equations  offers  either  a 
value  for  the  ideal  efficiency  or  an  explicit  relationship  between  the 
go one try  of  the  configuration  and  its  efficiency.  In  other  words,  these 
momentum  relationships  do  not  suffice  to  predict  the  performance  of  a 
ducted  propeller.  At  the  present  time,  there  appears  to  be  no  known 
method  of  linking  the  unknown  wake  characteristics  (A^  and  v^)  with  the 


duct  design  without  resorting  to  the  method  of  singularities  (including 
iteration)  as  discussed  in  the  previous  section.  In  order  to  avoid  this 
difficulty,  an  assumption  is  ordinarily  introduced  into  the  analysis  re¬ 
lating  the  duct  exit  characteristics  with  the  final  wake. 

The  most  common  assumption,  forming  what  we  shall  call  here  "simple 
momentum  theory"  is  that  the  duct  exit  area  is  equal  to  the  final  wake 


area  (i.e.,  Ao  -  A^.).  It  can  be  shown,  by  applying  the  equations  of  con¬ 
tinuity  and  momentum  to  the  wake  itself,  that  this  assumption  also  implies 
that  (I)  the  velocity  distribution  at  the  shroud  exit  is  uniform,  and  (2) 
the  static  pressure  at.  the  shroud  exit  is  equal  t.n  that.  at.  infinity  (refer¬ 
red  to  as  ambient  pressure).  In  other  words,  in  simple  momentum  theoiy, 
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cal  wake  of  constant  diameter,  constant  pressure,  and  constant  velocity 
from  the  duct  trailing  edge  to  infinity  downstream.  With  this  assumption, 
since  A~  =  Ao,  '-  .cations  (12)  and  (l£)  yield,  for  the  static  case  (V  »  0), 
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a  division  of  +>rust  of  T  /T  ■  l/2  A  /A  .  Furthermore,  if  there  is  no 

P  P  e 

diffuser.  A  "A  and  the  division  of  thrust  T  /T  becomes  1/2.  Substi- 
e  p  p 

tution  of  this  value  into  equation  (16)  then  results  in  a  value 
for  the  ideal  figure  of  merit, 

Examples  of  the  simple  momentum  theory  discussed  above  are  found 
throughout  the  literature  as  applied  to  both  axial  flow  (  Rex" 3  «  •  65, 

82,  85,  91,  100,  102,  10?  and  113)  and  non- axial  flow  (Refs.  h9  and  89). 
The  non-axial  flow  case  is  generally  based  on  the  assumption  of  an  axial 
slipstream  at  the  duct  exit,  an  assumption  which  is  valid  provided  that 
the  duct  chord/diamoter  ratio  is  sufficiently  large  and  that  the  forward 
speed  is  small  compared  with  the  wake  velocity. 

A  second,  less  common  and  somewhat  less  restrictive  assumption  in- 
regard  to  the  final  wake  area  relates  the  wake  area  to  the  cross-sectional 
area  and  diffuser  angle  at  the  trailing  edge  of  the  duct.  This  assumption 
has  been  discussed  by  Weinig  in  Reference  111  which  brings  out  clearly  the 
importance  of  the  characteristics  of  the  final  wake.  The  mathematical 
statement,  which  admits  of  some  expansion  of  the  wake  behind  the  duct 
trailing  edge  and  is  based  on  the  work  of  Trefftz  (Ref.  103),  reads  as 
follows; 


(19) 


where  9  is  the  angle  of  inclination  of  the  inside  surface  of  the  duct 
trailing  edge  with  respect  to  the  duct  axis.  This  relationship  and  others 
pertinent  to  the  woke  have  also  been  considered  at  some  length  by  Kruger 
(Ref.  Ul).  Equation  (19)  above  is,  of  course,  in  practice  restricted  to 


small  values  of  Q  unless  some  means  of  boundary  1%-er  control  is  applied. 
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In  some  of  the  literature  (e.g.,  Refs.  60,  61  and  6h),  neither  of  the 
above  assumptions  is  introduces,  but  instead  all  quantities  are  expressed 
in  terms  of  the  duct  exit  static  pressure,  which  is  also  unknown.  At  this 
point,  either  the  exit  static  pressure  is  assumed  to  be  uniform  ana  equal 
to  ambient  pressure,  which  results  in  the  simple  momentum  theory  discussed 


above,  or  else  the  problem  is  divided  into  various  regimes  with  only  limit¬ 
ing  cases  treated  (e.£.,  Ref.  60).  In  any  case,  the  fact  remains  that  the 
conditions  across  the  duct  exit  and  their  relationship  to  overall  ducted 
propeller  efficiency  are  as  yet  uncertain. 

In.  an  effort  to  achieve  more  realistic  predictions  of  performance 
than  are  sometimes  afforded  by  simple  momentum  theory,  various  authors 
have  introduced  refinements  in  the  form  of  losses  due  to  duct  skin  fric¬ 
tion,  blade  profile  drag,  compressibility,  slipstream  rotation,  etc. 

(^ee  Refs.  5,  10,  $9,  6U  and  9 5),  However,  the  basic  assumption  of 
uniform  velocity  in  the  duct  is  retained,  and  additional  assumptions  are 
ordinarily  introduced  for  the  estimation  of  such  items  as  the  shroud 
friction  drag. 

U. 1.3  Other  Methods 


The  mathematical  difficulties  encountered  in  the  method  of  singulari¬ 
ties  have  led  many  investigators  to  seek  approximate  methods  which  would 
render  tbe  mathematics  more  tractable  and  yet  would  yield  mors  detailed 
results  than  the  simple  momentum  theory  is  capable  of  supplying.  Efforts 
in  this  direction  can  be  generally  divided  into  two  major  categories: 

.  (1  )  those  placin'*  emphasis  on  the  propeller,  and  (2)  those  placing  emphasis 
on  the  snroud . 
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Tne  former  group  tends  to  start  with  blade- element  theory,  as  developed 
for  open  rotors  (e.g. ,  Ref s.  31,  66  and  67)  arid  modifies  the  blade-element 
theory  to  take  some  account  of  the  influence  of  the  shroud. 

A  number  of  papers  have  been  written  in  which  hovering  or  social  flow 
is  considered  and  the  blades  are  designed  as  in  a  compressor.  (See  e.g., 
Refs.  6,  7,  8,  75-78,  107  and  108,)  In  many  instances,  the  flow  through 
the  propeller  disk  is  assumed  to  be  uniform  (e.g.,  Refs.  6,  7,  8  and  107), 
and  in  this  case  the  ideal  performance  (i.e. ,  with  no  losses)  agrees  with 
that  predicted  by  simple  momentum  theory. 

In  tilted  forward  flight  (non- axial  flow)  the  above  approach  can  be 
expected  to  yield  reasonable  results  for  cases  in  which  the  deflection  of 
the  airstream  caused  by  the  shroud  is  relatively  small,  so  that  the  ducted 
propeller  behaves  similarly  to  a  helicopter  rotor.  This  approach  has  been 
taken,  for  example,  by  Moeer  and  Livingston  (Refs.  66  and  67)  who  developed 
semi -empirical  expressions  for  the  aerodynamic  characteristics  of  ducted 
fans  in  tilted  forward  flight. 

Tne  second  approach,  in  which  the  emphasis  is  on  the  shroud,  usually 
consists  of  an  approximation  to  the  method  of  singularities.  For  example, 
the  shroud  may  be  represented  approximately  by  a  single  vortex  ring.  This 
approach  vas  taken  for  the  case  of  axial  flow  by  Allen  and  Rogallo  (Ref.  ii) 
who  assumed  that  the  core  of  the  single  vortex  had  the  same  perimeter  as 
the  airfoil  section  of  the  duct  profile.  The  single  vortex  ring  was  also 
used  in  Reference  85  to  calculate  the  equilibrium  pitching  moments  on  an 
isolated  ducted  fan  in  forward  flight.  It  should  be  pointed  out  here  that 
the  u of  a  single  ring  vertex  and  the  assumption  of  a  uniform  velocity 


distribution  through  the  propeller  are  not  compatible,  cuing  to  the  nature 
of  the  velocity  field  induced  by  the  ring.  The  single  ring  vortex  has  also 
been  used  in  combination  with  a  single  source  (or  sink)  and  with  a  distri¬ 
bution  of  sources  by  Korn  (Ref.  3U)  to  represent  the  ducted  propeller  in 
axial  flow. 

The  case  of  the  ducted  propeller  in  non-axial  flow  has  been  treated 
as  a  ring  wing  by  Minas sian  (Ref.  63),  who  assumed  that  the  propeller 
caused  the  internal  pressures  on  the  shroud  to  cancel.  He  then  applied 
two-dimensional  airfoil  characteristic's  to  predict  the  variation  of  total 
normal  force  with  angle  of  attack.  These  assumptions  are  evidently 
approximately  valid  for  small  angles  of  attack  and  high  advance  ratios. 

An  electrical  analogue  to  the  method  of  singularities  has  been 
developed  for  three-dimensional  potential  flow  problems  by  Malavard  (Ref. 

56),  who  has  applied  this  technique  tc  the  ducted  propeller  problem.  The 
boundary  conditions  are  satisfied  by  the  application  of  appropriate  elec¬ 
trical  potentials  at  the  shroud  and  at  the  wake  boundary  which  is  assumed 
tc  be  of  constant  diameter. 

In  summary,  it  can  be  stated  that  the  theoretical  approach  to  the 
ducted  propeller  problem  has  been  established  along  classical  lines,  and 
lhal  the  malhemalicai  means  are  at  our  disposal  lor  solving  this  problem, 
provided  that  either  the  shroud  camber  line  or  the  shroud  vorticity  distri¬ 
bution  is  specified.  However,  there  is  as  yet  no  known  method  of  calculating 
either  the  optimum  shroud  shape  or  the  optimum  vorticity  distribution  for 
best  overall  performance.  Once  the  shroud  shape  is  determined  and  the 
propeller  position  in  specified,  the  velocity  distribution  through  the  disk 
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ar.d  the  required  propeller  twist  can  be  calculated  by  existing  or  modified 
propeller  design  techniques  (e,g.s  Refs,  75-78  and  108). 
k,  2  Experiment 

The  experimental  work  on  ducted  propellers  which  has  been  carried 
out  and  published  can  conveniently  be  divided  into  three  categories  which 
correspond  to  the  three  flight  regimes  of  7T0L  aircraft: 

1)  Static  operation  (hovering  flight) 

2)  Axial  flow  (high-speed  flight) 

3)  Non- axial  flow  (transitional  flight) 

Here  again,  as  in  section  h.l,  wa  shall  be  concerned  chiefly  with  in¬ 
vestigations  of  the  fundamental  aerodynamics  of  the  ducted  propeller. 
Consequently,  experimental  investigations  whose  only  or  main  purpose  is 
to  develop  an  auxiliary  control  device  or  tc  investigate  the  characteristics 
of  a  particular  ducted  propeller  vehicle  may  be  relegated  to  one  of  the 
next  two  sections  titled  respectively.  Auxiliary  Devices  and  Related  Problem 

The  investigation  of  static  performance  lends  itself  nicely  to  outdoor 
full-scale  testing,  and  in  some  cases  this  technique  has  been  employed, 
although  extraneous  air  currents  can  cause  some  difficulty  (e.g.,  Ref.  82). 
Another  technique  is  the  use  of  a  scale  model  in  a  large  room,  but  the 
question  of  how  large  the  room  must  be  is  not  a  simple  one,  and  the  answer 
depends  upon  the  disk  loading  of  the  model.  This  question  becomes  especial¬ 
ly  pertinent  when  "static"  data  are  obtained  in  a  wind  tunnel,  as  in  the 
case  of  Kruger  (Ref.  hi)  who  points  out  that  his  static  data  actually 
corresponds  to  an  advance  ratio  (tunnel  spoed/tip  speed)  of  about. 0.03, 
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causing  noticeable  effects  on  the  calculated  figure  of  merit.  The  very 
fact  that  a  wind  tunnel  is  not  required  for  performing  static  tests, 
however,  has  generally  produced  a  larger  quantity  of  data  in  the  static 
regime  than  in  the  other  two. 

The  axial  flow  regime  is  the  one  most  familiar  to  propeller  specialists 
and  is  treated  in  many  text  books  (e„g.,  Ref.  21),  in  which  the  appropri¬ 
ate  tunnel  wall  corrections  are  derived  for  application  to  wind  tunnel 
measurements.  Consequently,  wind  tunnel  investigations  of  the  axial  flow 
regime  present  no  serious  obstacles  regarding  the  reduction  of  the  data. 

The  non-axial  flow  regime,  on  the  other  hand,  presents  a  rather 
serious  problem  in  regard  to  wind  tunnel  testing.  At  low  tunnel  speeds, 
with  the  duct  axis  inclined  at  large  angles  to  the  tunnel  axis,  the  slip¬ 
stream  deflection  caused  by  the  tunnel  walls  affects  the  entire  flow  field 
surrounding  the  model  to  such  an  extent  that  the  tunnel  wall  corrections 
may  become  ouitc  iarjy,  particularly  at  high  disk  loadings.  The  usual 
downwash  corrections  for  wings  arc  not  applicable  because  of  the  large 
downwash  angles  involved  and  because  of  the  completely  different  nature 
of  the  vortex  wake.  At  the  present  time,  there  exists  no  theory  of  wind 
tunnel  wall  corrections  for  ducted  propellers  in  non-axial  or  low-speed 
flow.  Estimates  are  sometimes  made  of  the  tunnel  wall  effects  in  the 
static  or  hovering  condition  by  testing  both  inside  and  outside  the  tun¬ 
nel,  but  the  v;all  effects  at  low  tunnel  speeds  and  high  angles  of  attack 
remain  unknown. 

Specific  information  regarding  the  experimental  research  to  dis¬ 
cussed  here  has  arranKed  in  tabular  form  for  each  of  the  three  regimes 
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discussed  above.  Thus,  Tables  I,  II  and. Ill  summarize,  respectively,  the 

pertinent  static,  axial  flow  and  non-axial  flow  tests  performed  on  ducted 
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propellers  up  to  the  present  time.  The  items  listed  in  the  tables  fall 
either  into  the  category  of  parameters  which  were  varied  or  of  measurements 
which  were  taken  during  the  test.  The  significance  of  these  particular 
variables  and  measurements  will  be  discussed  in  the  following  paragraphs. 
L.2.1  Parameters  Varied 


The  large  number  of  geometric  variables  listed  in  section  1*  has  been 
condensed  into  a  few  more  inclusive  categories  in  the  preparation  of  Tables 
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diameter  ratio,  duct  profile,  leading  edge  radius,  diffuser  angle,  etc. 
Such  a  condensation  seems  useful  in  the  light  of  the  large  number  of  tests 
conducted  with  an  arbitrarily  chosen  duct  design,  usually  to  investigate 
the  effect  of  some  other  variable.  It  must  be  recognized,  of  course,  that 
the  effect  of  (say)  propeller  location  might  be  quite  different  in  two 


ducts  of  different  design.  Similarly,  one  could  arrive  at  misleading  con¬ 
clusions  by  attempting  to  predict  the  effects  of  changing  the  propeller 
blade  twist  by  using  data  from  another  ducted  propeller  whose  propeller  is 


m  a  cur  rerent,  axial  location  within  the  duct  ana  hence  in  a  region  having 
a  different  velocity  distribution  (Ref.  io ) . 


'Because  01  the  lack  of  knowledge  regarding  scale  effects  and  wind  .unr 


wall  corrections,  tests  which  were  made  outdoors  or  with  f  uH-icale  rc  dels 


are  noted  in  the  remarks  column. 


a.  Duct  shape 
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The  tests  in  which  the  most  systematic  variations  of  duct  shape  over 
a  rather  vide  range  were  achieved  appear  to  he  those  of  Stipa  (Ref.  97  )> 
Kruger  (Ref.  IfL),  Soloviev  and  Churmack  (Ref.  9k ^ .  v an  Manen  (Refs.  lOp, 
106/',  Kuchemann  and  Weber  (Ref.  h6)$  Re genscheit  (Ref.  86),  and  Evans 
(Ref.  I)."'  It  is  interesting  to  note  that  all  of  these  tests  except  the 
last  (lief.  1)  were  restricted  to  axial  flow,  and  Reference  d6  was  further 
restricted  to  the  static  case.  On  the  other  hand,  Reference  1,  which 
included  r.on-axial  flow,  was  restricted  to  small  values  of  chord/diameter 
ratio,  as  were  the  experiments  of  Reference  86.  At  the  other  end  of  the 
spectrum,  are  the  experiments  of  Etipa.  which  were  restricted  to  very  large 
values  of  chord/diameter  ratio.  Both  the  Russian  (Ref.  9k)  and  Dutch 
(Kefs.  iOp,  106)  experiments  were  performed  in  water,  and  the  propellers 
of  the  former  were  of  essentially  nautical  design.  The  position  of  the 
propeller  varied  widely  among  the  various  tests,  with  no  apparent  attempt 
at  a  systematic  investigation  of  that  parameter  except  in  Reference  1. 
Stipa1 s  model  had  the  propeller  slightly  ahead  of  the  duct  leading  edge, 
Kruger's  propeller  position  varied,  and  Regenscheit 1 s  was  near  the  duct 
trailing,  edge.  The  remaining  tests  for  which  a  check  mark  appears  in  the 
duct  shape  column  were  generally  limited  to  tests  of  only  two  or  three 
* c.  Cii  v  (e.g. ,  Ite l  s .  lb,  co,  82  ana  ij — /)  or  to  systematic  var.ts~ 

tions  in  one  or  two  very  specific  details  of  the  duct  shape;  for  example, 
loading  edge  radius,  etc.  (Refs.  U6  and  ?h)  or  a  given  duct  with  auxiliary 


'Rather  detailed  studies  of  the  effects  of  lip  shape  on  cowlings  (no 
propeller  inside  the  duct)  are  contained  in  Reference  71. 
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slats  added  (e.g.,  Ref.  37). 
b.  Blade  pitch 


The  importance  of  varying  the  propeller  blade  pitch  setting  in  ducted 
propeller  tests  can  hardly  be  overemphasized.  Since  the  theory  cannot 
reliably  predict  the  optimum  blade  pitch,  and  since  the  optimum  pitch  must 
depend  upon  the  ducted  propeller  configuration,  the  significance  of  the 
test  i 6 suits  may  be  c evenly  impaired  if  the  blade  pitch  is  not  varied  over 
a  sufficiently  wide  range  of  angles  to  insure  that  an  optimum  pitch  setting 
is  attained  for  each  condition  tested.  In  particular,  results  from  which 
improvements  in  performance  are  attributed  to  a  change  of  another  parameter 
may  be  quite  misleading  if  this  requirement  is  not  satisfied.  For  this 
reason,  two  columns  are  devoted  to  this  item  for  the  static  and  axial  flow 
regimes  (Tables  I  and  II),  in  which  the  criterion  for  an  optimum  pitch  set¬ 
ting  has  beer,  clearly  established.  That  is,  in  the  statin  -condition  the 


attainment  of  a  maximum  figure  of  merit  M  is  synonymous  with  optimum  pitch 
setting;  in  axial  flow,  the  attainment  of  a  maximum  propulsive  efficiency 
r)  is  the  proper  criterion.,  (See  section  ii.1.2.)  In  non- axial  flow,  with 
the  ducted  propeller  supplying  lift  as  well  as  propulsion,  the  proper 
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drag  ratio  defined  ar 


P  -  Fv, 


uIt  should  be  noted  that  the  achievement  of  a  uniform  velocity  distribution 
at  the  duct  exit  does  not  necessarily  imply  the  attainment  of  a  maximum  figure 
of  merit.  The  theory  states  only  that  the  distribution  of  the  final  wake 
must  be  uniform  for  minimum  power  expended. 


might  be  a  'reasonable  measure  of  efficiency,  where  F  is. the  net  propulsive 
force  of  the  device,  (This  criterion  was  used  in  Rsf.  18.)  It  will  be 
noted  from  Tables  I  and  II  that  the  optimum  pitch  setting  was  not  attained 
in  all  tests  in  which  the  pitch  was  varied. 


c .  Propellers 


Two  columns  of  the  experimental  tables  art;  devoted  to  the  variation 
of  propeller  blade  design  and  the  number  of  propeller  blades.  In  relatively 
few  cases  were  both  the  blade  design  (planform,  twist,  etc-1  and  the  number 
of  blades  varied.  In  fact,  for  non-axial  flow,  only  in  Reference  1.3  were 
these  parameters  varied.  For  static  and  axial  flow,  in  some  cases  (e.p., 
Refs.  13,  U6,  58  and  87),  one  or  both  of  these  were  varied,  but  the  pitch 
setting  was  fixed;  in  other  cases  (e,g..  Refs.  2 It  and. 58),  both  of  these 
propeller  parameters'  were  varied,  but  the  duct  shape  was  fixed  in  advance. 

By  far  the  most  common  variations  of  blade  design  tested  have  been 
solidity  (either  blade  width  or  number  of  blades)  and  blade  twist..  The 
latter  variable  has  evidently  beer,  the  source  of  controversy  regarding  the 
question  of  its  importance  in  attaining  high  static  performance.  On  the 
one  hand,  the  experiments  of  several  investigators  (e.g.,  Refs.  13  and  58) 
indicate  tnat,  oe cause  or  the  nonuniform  flow  at  the  propeller  plane 
(higher  velocity  toward  the  blade  tips)  which  is  induced  by  the  shroud,, 
the  twist  of  the  propeller  must  be  such  as  to  match  that  velocity  distri¬ 
bution  rather  than  the  often  assumed  uniform  flow.  References  13  and. 58 
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propeller.  On  I he  ether  hand,  References  16  and  hi.  show  no  such  corres¬ 
ponding  improvements  in  static  efficiency  and  indicate  that  blade  twist 
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is  relatively  unimportant.  Reference  67  also  indicates  a  rather  small 
effect  of  twist,  except  at  the  highest  collective  pitch  tested. 

There  are  several  points  worth  discussing  in  regard  to  this  apparent 
disagreement.  First  of  all,  in  both  References  18  and  hi,  the  variation 
of  figure  of  merit  with  pitch  setting  was  determined  for  each  blade  twist 
by  making  direct  measurements  of  thrust  and  power.  Thus,  the  maximum 
efficiency  of  each  propeller  was  directly  compared.  (These  maxima  may 
occur  at  a  different  blade  pitch  setting  for  each  propeller.)  Neither 
Reference  13  ox*  Reference  58  shows  the  variation  of  figure  of  merit  with 
pitch  setting  for  each  blade  twist  nor  is  any  statement  made  regarding 
the  optimum  pitch  setting  for  each  twist.  It  is  therefore  difficult  to- 
distinguish  between  the  effects  of  twist  and  those  of  blade  pitch. 
b.2.2  Quantities  Measured 
a.  Total  forces 

In  almost  all  the  experimental  work  of  Tables  I,  II  and  III,  the 
total  thrust  or  total  forces  acting  on  the  mod.el  were  measured  directly. 

A  notable  exception  is  the  work  of  Grose  (Ref,  26)  in  which  both  the  pro¬ 
peller  and  duct  forces  were  measured  individually  and  the  sum  was  taken 

r-> 

as  the  total  force.  Another  exception  is  the  experimental  work  of  Huhhard 
(Ref.  3.5)  in  which  only  the  shroud  thrust  was  measured,  since  the  main 
interest  there  was  in  the  sound  generation  of  Runted  propellers.  However, 

'Reference  2b  represents  the  only  available  high-speed  data  on  ducted 
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Hubbard's  work  contains  practically  the  only  data  available  on  propeller- 
shroud  tip  clearance  effects.^ 
b .  Power 

If  the  efficiency  of  a  ducted  propeller  ’unit  is  to  be  determined 
experimentally,  a  direct  measurement  of  the  power  supplied  to  the  pro¬ 
peller  is  essential.  Such  a  measurement  is  difficult,  however,  because 
of  transmission  losses,  motor  friction,  etc.  Almost  all  of  the  references 
tabulated  contain  some  sort  of  power  measurements,  although  some  of  these 
are  considered  to  be  approximate.  The  free-f light  tests  of  McKinney 
(Ref.  3>7)  contain  no  power  measurements  at  all  since  the  interest  was 
clearly  focused  on  flight  characteristics.  In  some  cases  (e.g.,  Ref.  II), 
the  power  was  estimated  from  the  propeller  RFJ'  and  is  not  considered  to 
be  accurate.  It  should  be  mentioned  here  that  direct  power  measurements 
cannot  ordinarily  be  satisfactorily  replaced  by  slipstream  velocity  surveys 
or  by  estimates  based  on  manufacturer's  charts.  It  is  worth  noting  that 
the  non-axial  flow  experiments  of  Parlett  (Ref.  7U)  contain  rather  exten¬ 
sive  data  on  the  forces  and  moments  but  no  power  measurements, 
c.  Total  moments 
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importance,  depending  on  the  application  intended  for  the  ducted  propeller. 

^Thc  effects  of  tip  clearance  as  applied  to  a  compressor  were  studied  in 
References  17  and  36, 

^In  the  static  case,  the  assumption  that  the  slipstream  kinetic  energy 
is  equal  to  the  power  innut  implies  a  compressor  efficiency  rj  0f  100/6 
(see  page  7). 


These  moments  were  measured  in  all  the  references  in  Table  ill  except  in 
the  flight  tests  of  Reference  57  and  in  the  wind  tunnel  tests  of  Reference 
26  which  were  restricted  to  small  angles  of  attack, 
d.  Division  of  forces  and  moments 

The  division  of  forces  and  moments  between  the  propeller  and  shroud 
has  been  less  frequently  determined,  except  in  the  static  case  (Table  I), 
all’ticuc-  this  division  is  related  to  the  overall  efficiency  (see  section 
3.2)  and  is  certainly  of  importance  in  developing  an  understanding  of  the 
flow  fields  associated  with  ducted  propellers  in  general.  The  determination 
of  the  forces  on  the  duct  is  naturally  simpler  and  hence  more  common  than 
the  determination  of  propeller  forces.  In  fact,  in  the  non-axial  case 
(Table  III),  References  6?  and  26  appear  to  be  the  only  ones  in  which  direct 
measurements  of  the  forces  acting  on  the  propeller  were  made,  and  Reference 
26  did  not  measure  the  propeller  normal  force.  In  no  case  was  the  moment 
acting  on  the  propeller  measured. 

Since  the  forces  acting  on  the  duct  can  be  determined  either  from 
pressure  distributions  or -from  direct  force  measurements,  and  since  the 
results  of  these  measurements  must  differ,  owing  to  friction  losses  at  the 
duct  surface,  the  two  methods  have  been  distinguished  in  the  tables.  In 
some  cases  (e.g.,  Refs,  h,  3L,  hi.  82  and  9h ) ,  both  methods  were  employed 
an  a  oVek,  which  is.  of  course,  highly  desirable-  Although  pressure  dis¬ 
tributions  are  extremely  useful  in  learning  the  details  of  the  surface  flow, 
it  must  be  recognized  that  direct  force  measurements  are  generally  more 
reliable  in  determining  the  total  forces  acting  on  the  duct.  In  contrast. 
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to  the  number  of  duct  .force  measurements:,  the  moment  acting  on  the  duct  was 
measured  in  only  one  case  (Ref..  18).  However,  the  measurements  of  Reference 
18  were  no  doubt  influenced  by  flow  sepai'ation  which  was  observed  on  three 
of  the  four  ducts  tested. 

e.  Pressure  distribution  and  velocity  survey 

The  details  of  the  flow  field  are  perhaps  best  exhibited  when  both 
duct  pressure  distributions  and  velocity  surveys  inside  or  outside  the  duct 
are  made.  II  can  be  seen  from  the  tables  that  relatively  few  investigators 
observed  both  of  these  items.  In  fact,  in  the  non-axial  flow  regime  (Table 
III),  Reference  6?  is  evidently  the  only  one.  Even  in  the  axial  flow  regime 
(Table  II),  there  are  only  three  cases  (Refs,  b,  bl  and  $8)  in  which  such 
measurements  were  made.  In  the  static  case  (Table  I),  a  number  of  investi- 
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gators  took  pressure  distribution  measurements  and  made  velocity  surveys.  ' 

One  of  the  most  detailed  studies  for  the  static  case  is  the  early  work 
of  Platt  (Ref.  82)  who  observed  flow  separation  from  the  duct  leading  edge 
at  low  propeller  RFM.  But  in  axial  flow,  Kruger  (Ref.  Ll)  obtained  pres¬ 
sure  distributions  on  a  number  of  different  ducts  both  with  and  without 
prooellers.  Kruger's  report  also  contains  limited  smoke  studies  of  the 
wake  behind  ducted  propellers.  For  the  static  case,  perhans  the  most  ex¬ 
tensive  collection  of  velocity  surveys  within  the  duel  (for  a  given  duct 
with  various  propellers)  appears  in  a  report  by  Colton  (Ref.  13)  who  also 

°It  should  be  noted  that  Reference  70,  which  apparently  reports  on  one  of 
Uit  most  complete  ducted-  propeller  programs  carried  out  to  date,  does  not 
present  any  actual  data  ether  than  hovering  performance. 
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measured  the  duct  leading  edge  pressure  distribution  and  presents  some 
smoke  studies  of  the  propeller  tip  vortices  within  the  duct.  The  work  of 
Evans  (Ref.  1)  also  contains  some  detailed  velocity  distributions  in  the 
static  condition,  as  well  as  some  detailed  duct  pressure  distribution  in 
non- axial  flow. 

In  summary,  the  pertinent  experimental  data  which  have  been  published 
on  ducted  propellers  have  been  condensed  into  tabular  form  and.  discussed  in 
the  foregoing  paragraphs.  The  purpose  of  tabulating  these  reports  along 
with  some  of  the  more  basic  parametric  changes  and  measurmants  is  twofold: 
first,  it. provides  a  brief  outline  of  the  test  data  contained  in  each  re¬ 
port  and  thus  aids  in  the  selection  of  reports  covering  a  desired  parameter 
or  type  of  measurement,*  second,  by  displaying  the  parameters  varied  and 
the  measurements  taken,  it  shows  the  direction  which  the  majority  of  ducted 
propeller  experiments  have-  taken  and,  perhaps  of  more  importance,  indicates 
the  areas  in  which  little  or  no  testing  has  been  conducted, 
h.3  Comparison  of  Theory  and  Experiment 

Efforts  to  compare  ducted  propeller  experimental  work  with  theoretical 
calculations  have  fallen  generally  into  several  distinct  categories,  and 
each  of  these  will  be  discussed  in  order  of  popularity ,  based  upon  the 


survey  conducted.  ■ 

Most  common  of  comparisons  in  +-he  literature  is  the  comparison  of 
observed  performance  with  that  predicted  by  simple  momentum  theory.  Since 
the  only  geometric  parameter  entering  into  this  theory  is  the  diffuser  area 
rati j.  which  is  limited  by  the  practical  considerations  of  flow  separation, 
j  wide  variation  '  r>  rfr-'-.-im  mranintorR  not  cor.-ii  horen  :i  n  f.ne  theorv  is  nos. si  hi  o 
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As  a  result,  the  agreement  varies  noticeably,  indicating  the  importance 
of  other  parameters.  Perhaps  the  classical  comparison  of  this  type  was 
made  bv  Platt  (Ref.  82)  who  tested  a  very- limited  but  somewhat  systematic 
sat  of  shroud  shapes  in  combination  with  two  counter-rotating  propellers 
of  four-foot  diameter  under  static  conditions  out  of  doors.  The  agree¬ 
ment  in  this  case  was  good,  with  the  best  design  tested  showing  about 
of  the  ideal  static  performance  indicated  by  simple  momentum  theory. 

On  the  other  hand,  the  exhaustive  experiments  of  Kruger  (Kef.  ui)  showed 
poorer  agreement  with  the  simple  theory,  particularly  far  the  shortest 
and  longest  shrouds  tested.  Kruger's  experiments  (which  involved  a  model 
of  about  5.5'  inch  diameter  tested  in  a  Iwl  foot  diameter  wind  tunnel) 
further  indicated  that  the  shroud  could  carry  significantly  more  than  $0% 
of  the  total  static  thrust  as  predicted  by  simple  momentum  theory.  (In 
Kruger's  tests,  one  shroud  carried  65%  of  the  thrust.) 

Comparisons  of  experimental  results  with  the  more  sophisticated 
theoretical  method  of  singularities  are  naturally  more  sparsely  scattered 
through  the  literature,  since  a  large  number  of  variables  are  involved  and 
the  calculations  are  correspondingly  more  difficult,  a  separate  lengthly 
calculation  being  required  for  ouch  configuration.  Very  often,  because  of 
the  nature  of  the  analysis,  comparisons  of  theory  and  experiment  are  mode 
on  the  basis  of  a  parameter  which  is  not  ordinarily  measured.  For  example, 
the  "internal"  advance  ratio  may  be  used  instead  of  the  ordinarily  measured 
advance  ratio  based  on  flight  (or  tunnel)  speed.  Examples  of  comparisons 


of  experiment  with  the  method  of  singularities  can  be  found  In  Keferences 
1,  15  and  1:6. 


37 


1  ■  ■  • 

!  ■ 

A  third  approach  is  the  use  of  experimental  data  to  provide  empirical  . 
constants  to  complete  an  analysis  based  on  semi-erapirical  methods.  This 
approach  was  taken  by  Moser  and  Livingston  (Ref.  67)  and  by  other  investi¬ 
gators  who  have  proposed  modifications  to  momentum  theory  to  account  for 
various  losses  (e.g.,  Refs.  and  10). 

Perhaps  the  most  desirable  type  of  comparison  is  that  in  which  a 
theory  is  first  developed  for  an  optimum  design  which  is  then  built  and 
iv  stcd  and  the  performance  compared  with  that  predicted  by  theory.  At 
the  present  time,  there  is  no  theoretical  method  which  yields  an  optimum 

-uewUgn,  bu  iio  such  comparisons  are  available."  ';l  . . 

4. It  Auxiliary  Devices 

Since  many  of  the  proposed  VTOL  vehicles  employing  ducted  propellers 
rely  on  the  ducted  propeller  for  both  lift  and  propulsion,  and  since  much 
of  the  ducted  propeller  work  in  this  country  has  emphasized  vehicle  design, 
considerable  work  has  been  done  in  developing  auxiliary  aerodynamic  devices 
to  augment  thrust  and  to  provide  the  pitching  and  rolling  moments  necessary 

t  •  ' 

for  aircraft  control.  Although  such  devices  are  not  considered  to  represent 
|  an  integral  part  of  the  ducted  propeller- problem,  it  is  felt  worthwhile  to 

mention  and  document  the  developments  along  these  lines.  Additional  infor- 
L~  mntion  pertaining  to  some  of  these  investigations  can  be  found  by  referring 

to  Tables  I,  II  and  III. 

Because  of  the  apparent  conflicting  duct  design  requirements  for 
sta  'c  operation  and  high  forward  flight  speeds  (in  essentially  axial  flow), 
it,  has  .long  hear  felt  that  some  tvpe  of  variable-geometry  inlet  might  be 
required  for  duct.u  propellers  to  give  good  efficiency  throughout  the  speed 
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range.  An  a  rsnult,  a  number  of  auxiliary  flevionn,  Including  boundary 
layer  control  and  circulation  control,  have  been  proposed  Tor  improving 
the  static  performance  of  ducted  propellers.  In  particular,  retractable 
flaps  and  slats  have  been  tested  by  Kruger  (Ref.  ui),  Johnson  (Ref.  37), 

r\ 

Regenscheit  (Ref.  86)  and  others, 7  and  a  considerable  amount  of  work  has 
been  done  with  distributed  suction  BLC  (Refs.  12  and  Sh)  and  with  auxiliary- 
vanes  and  stators  (Refs.  6,  7,  8,  9,  hi,  87  and  113).  More  recently,  experi 
r::ents  have  been  carried  out  in  which  attempts  were  made  to  expand  the  waste 
(or  induce  more  flow  through  the  duct)  by  bloving  outward  at.  the  duct 
trailing  edge  (Ref.  83).  In  cases  where  the  original  design  exhibited  low- 
static  efficiencies  to  begin  with,  improvements  were  sometimes  obtained 
with  boundary  layer  control  (Ref.  12).  However,  in  no  case  has  it  been 
conclusively  sho’wn  that  any  of  these  devices  produced  a  higher  static 
thrust  per  total  horsepower  input  at  a  given  disk  loading  than  that 
measured  by  Platt  for  the  bare  ducted  propeller. 

Perhaps  the  largest  portion  of  work  along  the  lines  of  auxiliary 
devices  has  been  in  the  direction  of  alleviating  the  large  nose-up  pitch¬ 
ing  moments  developed  on  a  ducted  propeller  which  is  moving  through  the 
air  in  a  direction  essentially  normal  to  its  axis.  This  problem  is  of 
particular  concern  in  such  vehicles  ss  flying  platforms  and  aerial  "jeeps 
(Refs.  2,  18,  23,  59  and  89)..  in  which  some  means  must  be  provided  to 

r  , 

Sheets  (Ref.  92)  did  some  work  on  slotted  blades  for  compressors  which 
might  be  arolieable  to  ducted  propellers. 


supply  the  moments  necessary  for  trimmed  horizontal  flight.  Consequently, 
a  number  of  investigators  have  tested  a  great  variety  of  inlet  vanes 


(Refs.  1,  20,  22,  23,  ?h,  53,  88),  exit  vanes  (Refs.  1,  20,  22,  23,  2U, 
33,  5 2 ,  53,  57,  59,  88,1,  spoilers  (Refs.  11,  llj,  23,  53),  deformed  ducts 
(Ref.  1)  etc.,  in  addition  to  the  helicopter- type  controls  of  cyclic 
(Ref.  55)  and  differential  collective  pitch  (Ref.  1). 

Such  auxiliary  devices  generally  have  a  deleterious  effect  on  tne 
overall  efficiency  of  the  ducted  propeller  in  both  hovering  and  forward 
'flight*  •.«*)>* t,)  .o£wi fi-.p.aa.-  •  -i»  others! ore  ... 


a  compromise  between  performance  and  control,  and  the  losses  in  efficiency 


associated  with  each  auxiliary  device  must  be  determined.  This  require¬ 
ment  has,  in  fact,  been  the  impetus  for  many  of  the  above  investigations, 
and  file  results  have  varied  according  to  the  particular  vehicle  involved. 
U . 5  Related  Problems 


In  connection  with  ducted  fan  VIOL  vehicle  design,  stability  and 
control  have  represented  major  problems,  although  they  are  not  actually 
a  part  of  the  basic  ducted  propeller  problem,  being  more  intimately  tied 
to  a  particular  arrangement.  Several  rather  thorough  dynamic  stability 
analyses  have  been  carried  out  (e.g.,  Refs.  1,  23  and  25),  but  It  must 
be  remembered  that  the  significance  of  a  dynamic  analysis  is  tempered  by 
the  reliability  of  the  aerodynamic  stability/  derivative  data  upon  which 
it  is  based.  In  general,  reliable  stability'  derivatives  are  not  avail¬ 
able,  not  are  methods  available  for  predicting  them  theoretically.  Two 
reasons  for  the  lack  of  such  data,  of  course,  are  the  large  number  uf 


variables  involved  and  the  large  number  of  points  required  to  give  accurate 
values  of  the  slopes  of  the  aerodynamic  data  curves.  Difficulties  with 
longitudinal  instabilities  have  been  found  for  single-duct  flying  platforms 
in  forward  flight  (Refs.  3,  25>  and  53 ),  and  similar  difficulties  with 
lateral  instabilities  have  been  noted  for  multiple-duct  aerial  jeep  vehicles 
(Refs.  1  and  23). 

The  development  of  multiple  ducted  propeller  vehicles  has  introduced 
3  number  of  problems  which  are  not  necessarily  fundamental  to  the  ducted 
propeller  itrclf .  From  the  standpoint  of  aerodynamics,  all  of  these  prob¬ 
lems  are  embodied  in  the  problem  of  aerodynamic  interference  or  the 
interaction  of  one  ducted  propeller  upon  another.  This  problem  is  closely 
related  to  the  determination  of  the  entire  flow  field  produced  by  a  single 
ducted  propeller,  and  a  limited  amount  of  work  has  been  done  on.  the  inter¬ 
ference  problem  itself,  either  by  testing  a  ducted  propeller  both  alone  and 
in  the  presence  of  a  second  ducted  propeller  (Ref.  1),  or  by  testing  two 
ducted  propellers  in  both  the  tandem  and  side-by-side  configurations  (Ref.  23) 

A  problem  which  is  closely  related  in  many  ways  to  the  ducted  propeller 
problem  is  the  so-called  fan- in-wing  concept.  Here  the  fan  uL 53  embedded  in 
a  wing  surface  with  its  axis  essentially  normal  to  the  plane  of  the  wing. 


jmw  idea  in  using 
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for  take-off  and  landing  and  rely  on  the  wing  for  aerodynamic  lift  at  high 
speeds.  The  problem  here  is  somewhat  different  from  the  pure  ducted  pro¬ 


peller  problem  in  several  respects,  and  for  this  reason,  such  arrangements 
will  not  be  considered  in  detail  in  this  report.  The  primary  difference 
(ir.  the  static  condition)  stems  from  the  additional  surface  (the  wing)  and 
the  .associated  very  ’restricted  length  of  duct  for  such  "ducted”  propellers. 


The  wing  surface  inhibits  the  flow  over  the  shroud  leading  edge  and  pro¬ 
duces  a  different  flew  field  at  the  duct  entrance.  Since  the  propeller 
is,  of  necessity,  located  near  this  duct  entrance,  this  also  changes  the 
flow  through  the  propeller  and  renders  it  perhaps  more  susceptible  to 
asymmetric  dynamic  loads  in  low- speed  flight.  Published  material  (pri¬ 
marily  experimental)  can  be  found  in  References  20,  2h ,  27,  32,  67,  102, 
109  and  110. 


The  influence  of  ground  proximity  is  a  problem  which  is  of  major 
concern  in  all  VTOL  designs.  In  the  case  of  the  ducted  propeller,  the 
ground  effect  is  somewhat  complicated  by  the  fact  that  the  effect  on 

the  'pi'upei’iex'  X£§§2iT  I S  dil’icXent  f  i'CiTi  the  cficOt  Oil  the  uUCt,  el"' h_L 

investigations  have  been  made  of  the  ground  effect  on  the  performance  of 
ducted  propellers  in  various  arrangements  (Refs,  In,  oh,  67,  69  and  86)  and 
measurements  have  been  made  in  Reference  19  which  indicates  an  increase 
of  prop.ell.er  thrust  and  a  decrease  in  duct  thrust  as  the  ground  is  ap¬ 
proached.  Consequently,  it  might  be  expected  that  the  ground  effect  on  a 
ducted  propeller  arrangement  will  depend  on  the  configuration,  and  the 
ground  effect  on  a  far.-in-wing  arrangement  might  be  quite  different  from 
that  on  a  ducted-propeller  arrangement  because  of  the  pressures  induced 
on  the  wing. 

It  is,  in  fact,  for  the  above  reasons  that  the  f an-in-wing  concept 
itself  is  considered  to  be  outside  the  scope  of  the  present  report,  and 
none  of  the  experimental  reports  dealing  exclusively  with  fan-in-wing 
arrangements  have  been  entered  in  the  experimental  tables.  On  the  other 


hand,  experimental  work  on  both  multiple-duct  arrangements  and  ducted- 
propeller  ground  effect  hao  been  included  with  the  isolated  ducted 
propeller  work  and  can  be  found  in  Tables  I,  II  and  III. 


5.  STATS  OF  THE  ART  -  CONCLUSIONS  AND  RECOMMENDATIONS 


A  thorough  search  of  the  available  literature  from  all  parts  of  the 
globe  has  uncovered  a  total,  of  216  reports ,  papers  and  notes  pertaining 
to  research  on  ducted  propellers,  A  study  of  these  reports  has  revealed 
that,  of  the  original  216,  12lt  contained  research  information  pertaining 
to  ducted  propellers  per  se,  as  distinguished  from  compressors,  propellers, 
rotors,  and  ring  wings,  and  these  are  listed  alphabetically  in  the  list  of 
references  (section  6\  Of  thsse  12it  references,  37  which  contain  pertinent 
experimental  data  have  been  summarized  in  tabular  form  (Tables  I,  II  and  III) 
to  indicate  the  types  of  investigation  which  have  been  made  and  areas  in 
which  experimental  data  are  lacking.  A  discussion  of  the  various  items 
appearing  in  Tables  I,  II  and  III  is  contained  in  section  b.2.  The  theo¬ 
retical  work  does  not  lend  itself  to  a  similar  tabular  summary,  owing  to 
the  many  subtle  but  important  differences  of  approach  used  by  the  various 
authors.  However,  the  methods  employed  can  be  generally  classified  as 
falling  into  one  of  three  categories:  the  classical  method  of  singulari¬ 
ties,  momentum  methods,  and  "other  methods"  in  which  attempts  are  made  to 
furnish  more  detailed  information  than  the  momentum  theory  without  resort¬ 
ing  to  the  somewhat  cumbersome  method  of  singularities.  Each  of  those 
categories  has  been  uiscussed  at  some  length,  and  various  papers  have  been 
singled  cut  for  closer  scrutiny  in  section  b.l. 

As  a  result  of  the  critical  evaluation  of  the  12b  reports  selected 
for  study,  the  following  general  conclusions  and  recommendations  are  made: 

1.  Owing  to  the  nature  of  the  flow  field  produced  by  the 


propeller,  the  propeller  shroud  problem  is  distinct  from  both 
the  plane  airfoil  and  ring  wing  problems  (particularly  in  the 
static  condition).  It  can  therefore  hardly  be  expected  that 
an  airfoil  shape  which  was  developed  for  a  completely  different 
situation  (i.e.,  uniform  undisturbed  flow)  would  be  suitable  for 
this  application.  Consequently,  the  development  of  a  highly 
efficient  shroud  shape  appears  to  require  a  systematic  experi¬ 
mental  program  of  similar  magnitude  to  those  carried  out  for 
the  development  of  an  efficient  wing  profile  shape.  Further¬ 
more,  each  shroud  should  actually  be  tested  in  combination  with 
a  propeller  designed  for  that  shroud.  Initial  efforts  in  this 
direction  have  been  made  by  Stipa  in  Italy,  by  Kruger  in  Germany, 
and  by  Soloviev  and  Churmack  in  the  USSR,  but  these  investigations 
were  limited  to  axial  flow  and  were  not  aimed  at  VTOL  applications. 

2.  The  ducted  propeller  problem  is  also  distinct  from  the  com¬ 
pressor  problem.  A  good  compressor  is  therefore  not  necessarily 
a  good  ducted  propeller.  That  is,  a  device  which  produces  the 
largest  pressure  increase  for  the  smallest  expenditure  of  kinetic 
energy  does  net  necessarily  produce  the  most  static  thrust  per 
horsepower  at  a  giv*>n  dink  loading.  The  essential  difference  arises 
from  the  importance  of  the  distribution  of  thrust  between  shroud 
and  propeller.  It  can  be  shown  mathematically  that  an  efficient 
ducted  propeller  must  carry  as  large  a  portion  of  the  total  thrust 
on  the  shroud  as  possible.  This  is  the  primary  reason  that  the 
most  efficient  ducted  propellers  thus  far  developed  for  static 


operation  have  not  been  those  employing  the  so-called  bell-mouth 
shroud  shape  as  was  expected  earlier. 


3.  In  spite  of  the  very  elegant  techniques  which  are  available 
for  dealing  with  the  ducted  propeller  problem  as  a  distribution  of 
elementary  vortex  rings  (method  of  singularities),  either  the  shroud 
vorticity  distribution  or  the  shroud  shape  must  be  assumed.  There¬ 
fore,  neither  the  optimum  vorticity  distribution  nor  the  required 
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the  ideal  performance  to  be  expected  of  such  an  optimum  design  is 


unknown. 


The  relationship  of  the  final  wake  characteristics  to  conditions 
at  the  shroud  exit  is  unknown  and  is  ordinarily  assumed  in  applica¬ 
tions  of  the  momentum  theorem  in  an  affort  to  obtain  explicit  results 
It  is  this  relationship  that  would  set  .  to  require  investigation  and 
may  provide  the  missing  link  for  del*..,.  r-.r  *  •'otimum  design  by 
the  metnod  of  singularities.  That  is.  i"  .aid  ermine  an 

optimum  velocity  distribution  at  the  duct  exit  which  would  assure 
optimum  performance  by  generating  a  uniform  final  wake  of  maximum 
rrocs-RPcti  final  arp.a.  t.hr>n  nno  could  design  an  optimum  shroud  shape 
by  the  method  of  singularities  and  an  optimum  propeller  for  that 
shpoucj  by  exislihg  phbpeilhf  Udfcigfi  thUHiucjlidd, 


5.  The  static  performance  predicted  by  "simple  momentum  theory" 
(i.e.,  assuming  a  wake  of  constant  diameter)  has  essentially  been 


achieved  by  Platt  (lief*  02 }  without  either  high-solidity  fans  or 
bell-mouth  duct.  However,  whether  or  not  this  theory  represents 
the  best  possible  static  performance,  and,  if  not,  how  to  improve 
on  it,  remain  open  questions.  For  the  high  speed  regime  (i.e., 

flow) ,  Grose  (Ref.  26)  has  measured  propulsive  efficiencies  of 
O.69  at  a  free-stream  Mach  number  of  0.6. 

(it  Tho  importance  of  ecalp  offset  on  ducted  propeller  ol'iaMoter** 
Intlne  ban  apparently  rnnnWnd  littlo  attention*  r'xpor Imnn'tal 
data  on  geometrically  similar  models  of  different  scale  (in  suf¬ 
ficiently  large  wind  tunnels)  are  needed  for  the  proper  evaluation 
of  scale  effect. 

7.  A  number  of  investigators  have  studied  special  ducted  pro¬ 
peller  problems  such  as  the  effects  of  diffuser  angle,  propeller 
solidity,  propeller  position,  tip  clearance,  blade  twist,  etc. 

In  most  instances,  however,  these  effects  were  studied  under  very 

I 

special  circumstances  (e.g.,  fixed-pitch  propellers,  specified 
shroud,  etc.)  so  that  it  is  difficult  to  draw  any  general  conclusions. 
It  does  appear  that  there  is  agreement  on  one  of  these  effects: 
sneei finally-  that,  ornesstve  tip  clearance  has  a  deleterious  effect 
on  performance.  The  effect  of  blade  twist  is  a  subject  of  contro¬ 
versy,  since  conflicting  results  have  been  obtained  by  different 
investigators  (e.g.,  Refs.  16,  Ill  and  13,  56). 

6.  Simple  comoarison  plots  of  ducted  propeller  static  performance 
in  which  full-scale  flying  test  beds  and  wind-tunnel  models  are 
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directly  compared  can  be  qurcc  misleading,  owing  to  differences 
in  transmission  losses,  possible  scale  effects,  and  different 
methods  of  applying  corrections  to  measured  values  of  thrust  and 
power.  Therefore,  no  inch  comparisons  have  been  presented  here. 

9*  There  appears  to  be  little  agreement  regarding  the  type  of 
corrections  (if  any)  to  be  applied  to  wind-tunnel  data  for  ducted 
propellers.  No  attempt  has  been  made  to  develop  tunnel  wall 
corrections  for  ducted  propellers  in  non-axial  flow,  although 
static  tests  of  the  same  model  inside  and  outside  the  wind  tunnel 
have  indicated  differences  in  thrust  cf  the  order  of  1$%  even  at 
relatively  low  disk  loadings  (e.g..  Ref.  67). 

In  view  of  the  interdependence  of  the  effects  cf  the  various  para¬ 
meters,  it  is  considered  essential  that  the  effect  cf  each  variable  be 
investigated  under  variable  constraints.  Thus,  if,  for  example,  it  is 
proposed  to  investigate  the  effect  of  tip  clearance  on  the  static  per¬ 
formance  of  ducted  propellers,  one  should  also 

a)  vary  propeller  pitch  setting  to  determine  optimum  setting  for 
each  case, 

b)  test  effect  with  several  systematically  related  shroud  shapes 
designed  to  avoid  separation, 

c)  vary  propeller  position  within  the  shroud, 

d)  vary  propeller  twist  and  planforro, 

e)  measure  total  thrust,  shroud  thrust,  power  supplied,  shroud 
pressure  distribution,  and  velocity  distribution  ahead  and 
behind  the  prone  Her. 
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Compromises  will,  of  course,  have  to  be  made  for  practical  reasons, 
but  the  ducted  propelleV  problem  cannot  be  satisfactorily  handled  by 
testing  isolated  effects  with  all  other  variables  fixed.  The  results  of 
such  t.TT; ~  bp?  fippn  "t*b  r*  o n g  v* on ti  "t-hs  li'tsz'siturs  «.  Add.!. tion  of  sny  new 

parameters  (e.g.,  boundary  layer  control)  further  intensifies  the  need 
for  a  more  general  investigation. 

It  should  be  pointed  out  that  for  many  of  the  questions  (both  experi' 
mental  and  theoretical)  discussed  above  regarding  the  aerodynamics  of 
ducted  propellers,  even  a  static  investigation  would  be  useful,  thereby 
reducing  the  number  of  parameters  by  two  (advance  ratio  and  tilt  angle). 
0,5  pf  nr  Tiring  the  tests  either  outdoors  or  in  a  sufficiently  large  room 
has  the  additional  advantage  of  eliminating  tunnel  wall,  effects. 
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